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We show that effective electrical control of the magnetic properties in the ferromagnetic 
semiconductor (Ga,Mn)As is possible using the strain induced by a piezoelectric actuator even in the 
limit of high doping levels and high Curie temperatures, where direct electric gating  is not possible. 
We demonstrate very large and reversible rotations of the magnetic easy axis. We compare the 
results obtained from magneto-transport and SQUID magnetometry measurements, extracting the 
dependence of the piezo-induced uniaxial magnetic anisotropy constant upon strain in both cases 
and detailing the limitations encountered in the latter approach.  
The ability to manipulate the magnetization orientation of a ferromagnetic material 
with an electric field is an important requirement for the implementation of spintronics 
devices in information and communication technologies [1]. In the past decade, gate voltage 
control of ferromagnetism has been achieved in a number of experiments involving 
ferromagnetic semiconductors like (In,Mn)As and (Ga,Mn)As [2-4]. Since they rely on the 
possibility of varying the magnetic properties via hole depletion, these experiments are only 
effective for ultra-thin samples with very low hole concentrations, a requirement that is 
typically fulfilled in as-grown samples with low Mn doping and consequently extremely low 
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Curie temperatures (TC). The difficulty to obtain sizeable hole depletions in highly-doped 
ferromagnetic semiconductors has driven research in the investigation of alternative routes 
to the manipulation of magnetism in these systems. In particular, the use of piezoelectric 
actuators to mediate, via strain, the electric control of the magnetic properties in (Ga,Mn)As 
has been shown to be a promising approach [5-8]. This is consistent with the fact that 
magnetostrictive effects are known to be large in materials characterized by strong spin-
orbit coupling like (Ga,Mn)As. This approach has so far been explored for temperatures up 
to 50 K in samples with relatively low TC [5-8].  By using a (Ga,Mn)As sample with high hole 
and Mn content and a TC of 180 K we are able to both investigate the effects of the piezo-
induced strain on the magnetic properties of highly-doped (Ga,Mn)As and also to work at 
much higher temperatures than previous experiments, where larger strains can be 
generated by the actuator [9]. We use magneto-transport measurements to show that 
reversible rotations of the magnetic easy axis by roughly 80° can be achieved in this sample, 
thus demonstrating the clear advantage of strain mediated control over direct electric field 
control of magnetism in samples with high hole concentrations. We also compare the 
results obtained from magneto-transport measurements with those derived from 
magnetometry measurements [10] and we extract the dependence of the piezo-induced 
uniaxial magnetic anisotropy constant upon strain in both cases.  
The material used was a 25 nm thick film of (Ga0.88,Mn0.12)As grown by low 
temperature molecular beam epitaxy on a GaAs(001) substrate and buffer layers, and 
annealed in air for 48 hours at 180 °C [11]. Superconducting quantum interference device 
(SQUID) magnetometry measurements show that the magnetic easy axis lies in the plane of 
the film, and is determined by a competition between a cubic anisotropy favoring the [100] 
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and [010] orientations, and a uniaxial anisotropy favoring the [1-10] orientation. At the 
working temperature T of 150 K the uniaxial magnetic anisotropy dominates and the easy 
axis is along the [1-10] direction, as revealed by the magnetic hysteresis loops in Fig. 1(a). 
Using the Stoner-Wohlfarth model for a single magnetic domain [12] to fit to the hard axis 
[110] loop we can extract the in-plane “intrinsic” uniaxial KU and cubic KC anisotropy 
constants at 150 K.  
A piece of the material was patterned by optical lithography into a Hall bar oriented 
along the [1-10] direction for magneto-transport measurements while another piece was 
left unpatterned for SQUID measurements. Following the procedure described in Ref. [9], 
these samples were then bonded to piezoelectric actuators with a two-component epoxy, 
after thinning the substrate down to 190 ± 10 µm by chemical etching. In both cases, the [1-
10] direction was chosen to be along the poling direction of the actuator, although a small 
misalignment δ  (see Fig. 1(b)) was unavoidably introduced and found to be 2° ± 0.5° for the 
Hall bar and 1.5° ± 0.5° for the SQUID sample. The sign of δ determines the sense of the 
rotation of the uniaxial easy axis induced by the strain: for the combination of cubic and 
uniaxial anisotropies of our sample and positive δ we expect the easy axis to rotate 
anticlockwise for tensile strain and clockwise for compressive strain. The uniaxial strain 
induced by the actuator (tensile/compressive for positive/negative voltages, respectively) 
was measured via four terminal resistance measurements of a strain gauge aligned along 
the [1-10] direction and glued on top of the (Ga,Mn)As layer of the transport sample, next 
to the Hall bar. According to the manufacturer’s specifications, the actuators used in the 
magnetometry and transport experiments should generate the same stress to within 10 %. 
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The orientation of the easy axis in the Hall bar sample was inferred from transverse 
anisotropic magnetoresistance (AMR) measurements, as in Refs. [5-8]. The transverse AMR 
can be expressed as Rxy = ∆R sin(2ϑ) [13], where ϑ is the angle between the magnetization 
direction and the current direction [1-10] (see Fig. 1 (b)). As a result of the working 
temperature being close to TC, we found a significant dependence of the saturation 
magnetization MS, and consequently of the AMR amplitude ∆R, on the magnetic field B. The 
procedure used to extract the functional form of ∆R(B) is described in the Supplementary 
Information. By measuring Rxy as a function of B, with B applied along different in-plane 
directions, we identified the direction of the easy axis (within ± 1°) as that for which Rxy/∆R 
remains constant upon variation of B, while it changes significantly when B is applied along 
directions away from the easy axis. In this way the easy axis was found to have already 
rotated by ~ -5.5° from the “intrinsic” [1-10] direction, when no voltage VP was applied to 
the actuator. This is due to the creation of a small in-plane tensile strain (which could not be 
accurately measured) on cooling down to 150 K, arising from the different thermal 
contraction coefficients of the piezoelectric actuator and the GaAs [5]. Upon application of a 
positive VP the easy axis rotated further towards the [110] direction and reached an angle of 
-81° for VP = +85 V, as illustrated in Fig. 2(a), while it rotated to -3° for VP = -70 V, as 
illustrated in Fig. 2(b). Overall, we demonstrated that a reversible rotation of the easy axis 
by ~ 78° can be achieved with this device.  
In the SQUID magnetometry experiment we measured hysteresis loops at various VP, 
with B applied along the [1-10] direction. An initial measurement of the actuator, prior to 
gluing the (Ga,Mn)As film, revealed that it is strongly paramagnetic (M/B ~ 7 × 10
-6
 J/T
2
) and 
also has a ferromagnetic component with the remnant magnetization MREM = M(B=0) 
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comparable to that of the (Ga,Mn)As film. Therefore, to determine the properties of the 
(Ga,Mn)As sample, the magnetic hysteresis loop of the actuator was subtracted from that of 
the composite device. The result is shown in Fig. 2(c). The inset shows the orientation of the 
easy axis determined from fitting to the measured hysteresis loops. The easy axis rotates 
from ~ -25° for VP = 0 V to ~ -68° for VP = +85 V, a smaller amount than that observed in the 
magneto-transport device, probably due to the fact that the strain induced in the relatively 
large SQUID sample (2.5 mm X 3 mm) is inhomogeneous and on average less than the strain 
induced in the small Hall bar section (50 µm X 250 µm).  
We modeled the dependence of the piezo-induced uniaxial anisotropy constant KUp 
on the strain ∆ε generated by the actuator by minimizing a phenomenological expression 
for the magnetic free energy of the system. According to the Stoner-Wohlfarth model [12], 
the free energy density is given by E = -KC /4 sin
2
(2φ) + KU sin
2
φ - KUp sin
2
(φ - δ) - MSB cos(φ-
ϑ), where the first, second and third terms are respectively the in-plane magnetocrystalline 
cubic, magnetocrystalline uniaxial and piezo-induced uniaxial magnetic anisotropy 
contributions, the fourth term is the Zeeman contribution and the angles are defined in Fig. 
1(b). The anisotropy energies KU = 144.6 J/m
3
 ± 4 % and KC = 45 J/m
3
 ± 25 % were obtained 
from the hysteresis loops of the sample before mounting on the actuator shown in Fig. 1(a). 
For the magneto-transport device we extracted KUp(∆ε) from the easy axis orientation using 
the above formula with B = 0. The result is shown by the closed squares in Fig. 3, with the 
error bars due to the combined uncertainties in δ, KU, KC and the easy axis orientation. ∆ε is 
arbitrarily set to 0 for VP = 0 V, which results in  ∆ε  ~ 6.1 × 10
-4
 for VP = + 85 V. Due to the 
large uncertainties in deriving KUp from the easy axis orientation for negative voltages, these 
data were not included in Fig.3. The best straight line through the points has a slope of ~ 28 
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J/m
3
 per 10
-4
 strain. For the magnetometry device we extracted KUp(∆ε) by fitting the 
Stoner-Wohlfarth model to the regions of each hysteresis loop away from switching 
phenomena, as displayed in Fig. 2(c). The result is shown by the open circles in Fig. 3, with 
the error bars due to the combined uncertainties in δ, KU and KC. The best straight line 
through the points has a slope of ~ 13 J/m
3
 per 10
-4
 strain. The discrepancy in the results 
obtained from the two methods could be due to several factors. For the magnetometry 
experiment, the presence of inhomogeneous strain and multidomain processes result in a 
reduction of the inverse magnetostrictive effect, while the magnetic impurities in the 
actuator lead to experimental uncertainty. It will be important for experimentalists to 
consider the influence of such factors when using the magnetometry technique to study 
inverse magnetostriction [10]. The magneto-transport experiment requires care to properly 
account for the dependence of ∆R on B for T close to TC. Notwithstanding this, plus the fact 
that the different samples and actuators used in each experiment may possess variations in 
their physical properties, it appears that the magneto-transport experiment provides the 
more accurate measurement of the inverse magnetostriction. 
In our earlier study of magnetization reorientations induced by a piezoelectric 
actuator [5], we compared the measured results to calculations based on the k∙p description 
of the GaAs host valence band and the kinetic-exchange model of its coupling to the local 
Mn moments [14-15]. The predictions for the as-grown sample nominally doped to 6% Mn 
were in semi-quantitative agreement with the experimental observations at T = 50 K. The 
same modelling predicts a perpendicular-to-plane magnetic easy axis for the high hole 
densities [16] occurring in our sample (around one hole per Mn atom) which has never been 
observed experimentally. A general trend in the calculated anisotropies is the independence 
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of the cubic anisotropy component on lattice strains and the linear dependence of the in-
plane uniaxial anisotropy component on the piezo-strain. This is in agreement with the 
experimental behaviour we observe. As both KU and KC decrease with increasing 
temperature, and the applied strain enhances KU but does not affect KC, the strain-enhanced 
KU totally dominates the energy profile allowing for the large observed magnetization 
rotations. 
To conclude, we have shown that large and reversible piezo-induced rotations of the 
magnetic easy axis can be achieved in a highly-doped (Ga,Mn)As sample with a high TC. This 
result demonstrates the clear advantage of strain mediated control over direct electric field 
control of magnetism in samples with high carrier concentrations. We have compared the 
results obtained from magneto-transport and SQUID magnetometry measurements, 
extracting the dependence of the piezo-induced uniaxial magnetic anisotropy constant upon 
strain in both cases and detailing the limitations encountered in the latter approach.  
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Figure 1 (a) Magnetic hysteresis loops measured by SQUID magnetometry at T = 150 K for annealed
(Ga0.88,Mn0.12)As with the external magnetic field B applied along the [1-10] (closed squares) and
[110] (open circles) directions. The solid line is the result of the fitting to the [110] loop using the
Stoner-Wohlfarthmodel. (b) Definition of the angles mentioned in the text.
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Figure 2 Normalized transverse resistance Rxy/∆R measured at T = 150 K as a function of the 
external magnetic field B applied at different in-plane angles φ for (a) VP = +85 V and (b) VP = -70 V. 
(c) Magnetic hysteresis loops measured by SQUID magnetometry at T = 150 K with B applied along 
the [1-10] direction and corresponding fittings. The insets in (a), (b) and (c) show the easy axis 
direction for each applied piezo-voltage VP.
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Figure 3 Dependence of the piezo-induced uniaxial magnetic anisotropy 
constant KUp on strain ∆ε at T = 150 K as derived from magneto-transport 
(closed squares) and SQUID magnetometry (open circles) experiments. The 
corresponding linear fits are shown by the dashed lines.
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Supplementary Information 
Derivation of the dependence of the amplitude of the AMR on the magnetic field  
In a ferromagnet for temperature close to TC the polarization induced by a magnetic 
field B on the magnetic moments is non negligible and results in a dependence of the 
saturation magnetization MS at that temperature on B [1]. Since the amplitude ∆R of the 
AMR is influenced by the value of MS, the dependence of MS on B determines a dependence 
of ∆R on B. If ∆R is proportional to M, as suggested in Ref. [2], then the functional 
expression of M(B) can be used for ∆R(B). According to mean-field theory B = a(T-TC)M + 
bM
3
 [3], with a and b positive constants. This means that M, and consequently ∆R, can be 
expressed as:  M(B) ~ ∆R(B) ~ a'B + b'B
1/3
. 
Within an approximation of ~ 10 % the transverse AMR is given by Rxy = ∆Rsin(2ϑ) 
[4], where ϑ is the angle between the direction of M and the current direction [1-10] in the 
Hall bar. Fig. S1(a) shows Rxy as a function of B when B is applied in the plane of the Hall bar 
at the angles φ = -45° and φ = +45° to the [1-10] direction. For saturating B (for which φ = 
ϑ), these angles are those at which Rxy is respectively maximum and minimum (∆R < 0), as 
displayed by the inset in Fig. S1(a). Therefore, for saturating B, ∆R(B) can be simply derived 
by taking the difference between the two curves in Fig. S1(a) and dividing it by 2. ∆R(B) thus 
obtained is shown for B > 45 mT by the square symbols in Fig. S1(b), along with the mean 
field curve used to model it: ∆R(B) = ∆R0 + a'B
 
+ b'B
1/3
, where ∆R0 = -0.575, a' = -0.029 and b' 
= -0.312.  
The expression of ∆R(B) thus derived for T = 150 K is the one used for the analysis of 
the magneto-transport data described in the paper. 
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Fig. S1 (a) Transverse resistance Rxy measured at T = 150 K as a function of the external 
magnetic field B applied at φ = -45° (closed squares) and φ = +45° (open circles). The inset 
shows Rxy measured at T = 150 K as a function of φ, the angle of the applied B, for B = 60 mT. 
(b) Amplitude ∆R of the AMR at T = 150 K as a function of B obtained from [Rxy(φ = -45°) - 
Rxy(φ = +45°)]/2 (open squares) and corresponding fitting (solid line) using the expression 
∆R(B) =  ∆R0 + a'B
 
+ b'B
1/3
. 
 
[1] S. Blundell, Magnetism in Condensed Matter (Oxford University Press, Oxford, 2001). 
[2] J. A. Haigh, A. W. Rushforth, C. S. King, K. W. Edmonds, R. P. Campion, C. T. Foxon, and B. 
L. Gallagher, Appl. Phys. Lett. 95, 232102 (2009). 
[3] J. J. Binney, N. J. Dowrick, A. J. Fisher, and M. E. J. Newman, The Theory of Critical 
Phenomena (Oxford University Press, Oxford,  1992). 
[4] A. W. Rushforth, K. Výborný, C. S. King, K. W. Edmonds, R. P. Campion, C. T. Foxon, J. 
Wunderlich, A. C. Irvine, P. Vašek, V. Novák, K. Olejník, Jairo Sinova, T. Jungwirth, and B. L. 
Gallagher, Phys. Rev. Lett. 99, 147207 (2007). 
 
(a) (b) 
